1.. Introduction
================

Sickle cell disease is a hematological genetic disease that results from a single point mutation of *β*Glu6 in Hb to *β*Val6 in HbS. In the deoxygenated state there is an interaction between the mutation region of one HbS molecule and a region defined by *β*Phe85 and *β*Leu88 in the heme pocket of another HbS. This interaction leads to polymerization that causes the normally flexible red blood cells (RBC) to adopt rigid, sickle like shapes that block small capillaries initiating the vaso-oclusive process, and causing local tissue damage and severe pain \[[@b1-ijms-11-00779],[@b2-ijms-11-00779]\].

Hydroxyurea (HU) has been utilized for at least two decades in the treatment of sickle cell disease. The beneficial effect of HU has been associated with its capacity to induce fetal hemoglobin synthesis. Fetal hemoglobin (HbF) is predominant during fetal life and presents greater affinity for oxygen that normal hemoglobin. HbF concentration decreases after birth but there is an association between increasing this kind of hemoglobin with reduction of painful episodes in patients with sickle cell disease \[[@b3-ijms-11-00779]\]. Besides, HU is metabolized to nitric oxide that has an important role in the vaso-oclusive process. HU is known as a ribonucleotide reductase inhibitor and as an antineoplasic drug that provokes DNA alterations (genotoxic activity), inducing gene and chromosome mutations \[[@b4-ijms-11-00779],[@b5-ijms-11-00779]\].

As a result, the introduction of new drugs with the same beneficial effect for treatment of the sickle cell disease without genotoxic activity is necessary and urgent. Exploring the ability of HU, as a NO-source, we have designed the compounds (1,3-dioxo-1,3-dihydro-2*H*-isoindol-2-yl)methyl nitrate (**1**); (1,3-dioxo-1,3-dihydro-2*H*-isoindol-2-yl)ethyl nitrate (**2**); 3-(1,3-dioxo-1,3-dihydro-2*H*-isoindol-2-yl)-benzyl nitrate (**3**); 4-(1,3-dioxo-1,3-dihydro-2*H*-isoindol-2-yl)-*N*-hydroxybenzenesulfonamide (**4**); 4-(1,3-dioxo-1,3-dihydro-2*H*-isoindol-2-yl)benzyl nitrate (**5**) and 2-\[4-(1,3-dioxo-1,3-dihydro-2*H*-iso-indol-2-yl)phenyl\]ethyl nitrate (**6**) as potential NO-donors. These compounds **1--6** have presented an analgesic and anti-inflammatory profile and the capacity to stimulate the gamma globin RNAm synthesis using K562 cells \[[@b6-ijms-11-00779]\].

The generation of reactive species could be responsible for a mutagenic activity of several compounds with NO-donor properties. It has been reported that the capacity to generate nitric oxide by some compounds in the AMES test is responsible for observed mutagenic activity due to nitrosation of amines by NOx \[[@b7-ijms-11-00779],[@b8-ijms-11-00779]\]. The nitric oxide induces mutations in *Salmonella typhimurium* strains used in the AMES test and can damage the DNA and lead to mutations of the DNA base sequence \[[@b9-ijms-11-00779]\].

*In vitro* mutagenicity studies are an important part of discovery activities and are frequently critical in determining the future of a drug candidate. A drug candidate that is active in a mutagenicity test or that produce mutagenic metabolites by activation in a microsomal enzyme system generally will be discarded in favor of a backup candidate \[[@b10-ijms-11-00779]\].

The objective of this study was to evaluate which compounds presented mutagenic activity in the AMES assay and to trace the structure-mutagenicity relationship profile in order to identify potentially hazardous phthalimide drug candidates. Genetic toxicology testing in drug discovery and optimization serve to quickly identify mutagens and remove them from development. In this work, the mutagenicity activities of compounds were evaluated in AMES tester *Salmonella typhimurium* strains TA100 and TA102 that are capable of detecting mutations that cause substitution of base pairs. Results from genetic toxicology tests, in combination with an adequate pharmacology profile are used as the basis to approve clinical trials of drug candidates.

2.. Results and Discussion
==========================

[Table 1](#t1-ijms-11-00779){ref-type="table"} shows the number of revertants/plate, the standard deviation and the mutagenic index (MI) after the treatments with the compounds, in the two different strains of *Salmonella typhimurium*, with or without metabolic activation. [Table 2](#t2-ijms-11-00779){ref-type="table"} shows the mutagenic potencies (rev/μmol) of compounds observed using *Salmonella typhimurium* TA100 and TA102 in presence (+S9) and absence (−S9) of metabolic activation.

Compounds **1**--**6** were designed using hybridization as a molecular modification strategy and they were selected based on reports about tumor necrosis factor alpha inhibition and considering structure-activity relationships of phthalimide derivatives \[[@b6-ijms-11-00779]\]. Compounds **1**, **2**, **3**, **5** and **6** are nitrate organic ester derivatives and the compound **4** is a sulphonylhydroxamic acid derivative.

HU exhibited mutagenicity in strains TA100 and TA102, in the presence and the absence of metabolic activation. In TA102 strain, the concentration of 468 μmol/plate induced a reduction in number of revertants, consequence of the toxicity caused by HU. The mutagenicity was observed at 234 μmol/plate with mutagenic index of 2.0 and 2.2 in presence and absence of metabolic activation, respectively ([Table 1](#t1-ijms-11-00779){ref-type="table"}). The mutagenic potency were 1.7 revertants/μmol (+S9) and 2.0 revertants/μmol (−S9) to TA102 strain ([Table 2](#t2-ijms-11-00779){ref-type="table"}). Using TA100, mutagenic index higher than 2 was observed at concentrations above 234 μmol/plate. The mutagenic potency was 1.8 revertants/μmol and 1.1 revertants/μmol in the presence and absence of metabolic activation for TA100, respectively. These results indicate that HU has a mutagenic potential at high concentrations above 234 μmol/plate using TA100 e TA102 *Salmonella* strain, although a previous study had showed the absence of mutagenicity of HU tested up 0.5 mg per plate in TA100, TA98 and TA1537 \[[@b11-ijms-11-00779]\]. There is no increase of HU mutagenicity in metabolic activation condition when compared with S9 absence (−S9) in prokaryotic cells. In eukaryotic cell, a study of HU, in mammalian (V79) cells, reported microsomal activation-dependent mutagenicity and found that the addition of catalase inhibited microsome-mediated mutagenicity, indicating that hydrogen peroxide was involved in the formation of mutagenic DNA lesion \[[@b12-ijms-11-00779]\].

In general, the mutagenicity of compounds **1--6** was observed mainly in the presence of metabolic activation ([Table 1](#t1-ijms-11-00779){ref-type="table"}). The capacity to generate nitric oxide and/or radical species by nitrate ester seems to be dependent of the presence cystein residue. This condition occurs in the presence of metabolic activation (+S9) and could be a possible explication for this event.

Compound **1** exhibited a mutagenic index of 2.4 in the TA100 strain in the absence of metabolic activation (0.112 μmol/plate) and 2.3 in the TA102 strain in the presence of metabolic activation (0.056 μmol/plate). The mutagenic potency found was 1,795 revertants/μmol and 4,803 revertants/μmol, respectively, for TA100 (−S9) and TA102 (+S9).

Compound **2** shows mutagenicity using strain TA100 at all the tested concentrations in the presence of metabolic activation. The higher value of the mutagenic index was 4.0 at 0.085 μmol/plate. Mutagenicity was observed at 0.085 μmol/plate in TA100 in the absence of metabolic activation (−S9). The mutagenic potency observed in TA100 was, respectively, 1,041 revertants/μmol and 4,025 revertants/μmol in the presence and absence of metabolic activation.

Compound **3** showed no mutagenicity at the used concentrations, although the test with TA102 strain in the presence of metabolic activation and the concentration of 3.58 μmol/plate provided a mutagenic index of 1.9, showing signals of mutagenic activity.

Compound **4** only exhibited mutagenic activity at 15.7 μmol/plate in the TA100 strain with metabolic activation (MI = 2.7). The mutagenic potency observed in compound **4** in the presence of metabolic activation using TA100 was 13.6 revertants/μmol.

Compound 5 at 3.58 μmol/plate showed in TA100 strain (+S9) a mutagenic index of 2.0 and a mutagenic potency of 31 revertants/μmol, while in the absence of metabolic activation (−S9), at the same concentration it only showed evidence of mutagenicity (MI = 1.9). The concentration of 1.8 μmol/plate in the absence of S9 in strain TA102, showed evidence of mutagenicity with MI equal to 1.9.

Compound **6**, the phenyl-bridged derivative of compound **2**, exhibited in the TA100 strain, in the presence of metabolic activation, mutagenic activity in all concentrations. The higher mutagenic index in a non toxic concentration was 5.8 at 2 μmol/plate. The mutagenic potency observed in compound **6** using metabolic activation in TA100 was 1,393 revertants/μmol.

Compounds **1**, **2**, **3**, **5** and **6** are phthalimide derivatives containing a nitrate ester subunit as NO-donor group. Several reports in the literature have demonstrated that NO induces mutagenesis using the *Salmonella* mutagenicity assay, specifically in tester strains that detect base-pair substitution mutations at the *hisG46* mutation (e.g., TA100 and TA1535). Interestingly, NO was not mutagenic in TA102 and TA104 developed to detected oxidative mutagens at the base-pair substitution mutation *hisG428* \[[@b13-ijms-11-00779],[@b14-ijms-11-00779]\].

Compounds **1** and **2** are alkylphthalimide derivatives. Comparing compounds **1** and **2**, we observed higher mutagenic index values in the latter. [Table 2](#t2-ijms-11-00779){ref-type="table"} shows that in TA100 strain (−S9) the mutagenic potency of compound 2 was 4,025 revertants/μmol, while compound 2 presented a mutagenic potency of 1,795 revertants/μmol.

Comparing compound **2** to compounds **3** and **5**, it was observed that the former has higher mutagenic potency. The structural difference among these compounds is a substitution of methylene in compound **2** by a phenyl subunit present in compounds **3** and **5**. These data lead us to suggest that the aryl derivatives, *i.e.*, those which presented an aromatic ring linked to a phtalimide subunit (compounds **3** and **5**), showed lower mutagenicity than alkyl derivatives.

Compound **4** is a sulfohydroxamic derivative ([Table 1](#t1-ijms-11-00779){ref-type="table"}), which does not present the nitrate ester subunit, common to all compounds that presented mutagenic potency of 13.6 revertants/μmol. It is reported in the literature that hydroxylamine derivatives, or derivatives of hydroxamic acid present mutagenicity due to the capacity to generate radical species after oxidation \[[@b15-ijms-11-00779]--[@b17-ijms-11-00779]\]. The possible mutagenicity of the compound **4**, which occurs only in the presence of metabolic activation, could be attributed to the formation of an oxidized derivative or a radical compound. Comparing the concentration of the compound **4** used in the test to the aryl derivatives (**3**, **5** and **6**) it is observed that although mutagenic activity appears, this is only observed in high concentrations.

Comparing compound **5** to its regioisomer (compound **3**), we observed a more discreet profile of mutagenicity of compound **5** in relation to the compound **3**. This observation could be confirmed by data of mutagenic potency, while the compound **5** presented a potency of 31 revertant/μmol, the compound **3** did not present mutagenic activity.

Comparing compound **6** to compound **5**, both with *para-* substitution, it is observed that the phenethyl spacer increases mutagenicity when compared to a benzyl spacer. This same fact is observed comparing compound **1** (methyl) and **2** (ethyl) and could be due to an adequate distance to form reactive species that interacts with DNA. This conclusion is based on NO-donor data that show no difference of NO release determining by Griess reaction between the compounds **1** and **2**.

According to [Table 2](#t2-ijms-11-00779){ref-type="table"}, the mutagenicity of all compounds is more accentuated with alkyl phthlimides derivatives than aryl phthalimides derivatives. TA100 detected mutagenic activity for compounds **2**, **4**, **5** and **6** whereas TA102 only detected mutagenic activity for compound **1**.

Although some compounds of this study presented a mutagenic index higher than 2, it is important to note that drugs as metronidazole and nitrofurazone present mutagenic indexes higher than 14 \[[@b18-ijms-11-00779]\]. So, other genotoxic studies using eukaryotic cells must be realized to investigate the capacity of the compounds **1--6** to cause genetic alterations.

3.. Experimental Section
========================

3.1.. Chemicals
---------------

Hydroxyurea (HU, CAS No. 127-07-1), dimethylsulfoxide (DMSO, CAS No. 67-68-5), nicotinamide adenine dinucleotide phosphate sodium salt (CAS No. 11-84-16-3), [d]{.smallcaps}-glucose-6-phosphate disodium salt (CAS No. 3671-99-6), magnesium chloride (CAS No. 7786-30-3), [l]{.smallcaps}-histidine monohydrate (CAS No. 7048-02-4), [d]{.smallcaps}-biotin (CAS No. 58-85-5), sodium azide (CAS No. 26628-22-8), 2-anthramine (CAS No. 613-13-8) and 2-aminofluorene (CAS No. 153-78-6) were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Oxoid Nutrient Broth No. 2 (Oxoid, England) and Difco Bacto Agar (Difco, USA) were used as bacterial media. [d]{.smallcaps}-Glucose (CAS No. 154-17-6), magnesium sulfate (CAS No. 7487-88-9), citric acid monohydrate (CAS No. 5949-29-1), potassium phosphate dibasic anhydrous (CAS No. 7758-11-4), sodium ammonium phosphate (CAS No. 13011-54-6), sodium phosphate monobasic (CAS No. 7558-80-7), sodium phosphate dibasic (CAS No. 7558-79-4), sodium chloride (CAS No. 7647-14-5) were purchased from Merck (Whitehouse Station, NJ, USA).

3.2.. Preparation of Compounds **1--6**
---------------------------------------

The compounds were prepared through condensation of aminoalcohol derivatives with phthalic anhydride. The alcohol function of the phthalimide derivatives were converted to the final compounds containing nitrate ester functions \[[@b5-ijms-11-00779]\]. Compound **4** was prepared by the previously described condensation of sulphonyl chloride \[[@b19-ijms-11-00779]\] with hydroxylamine. The compounds **1--6** were characterized by ^1^H- and ^13^C-NMR, IR and MS. The purity was confirmed by elemental analysis and HPLC and in general was 99% for all compounds.

3.3.. Metabolic Activation System (S9 Mixture)
----------------------------------------------

The S9 fraction, prepared from livers of Sprague--Dawley rats treated with the polychlorinated biphenyl mixture Aroclor 1254, was purchased from Molecular Toxicology Inc. (Annapolis, MD, USA). The metabolic activation system consisted of 4% of S9 fraction, 1% of 0.4 M MgCl~2~, 1% of 1.65 M KCl, 0.5% of 1M [d]{.smallcaps}-glucose-6-phosphate disodium and 4% of 0.1 M b-nicotinamide adenine dinucleotide phosphate sodium in 0.1 M, 50% of 0.2M phosphate buffer and 39.5% of sterile distilled water \[[@b20-ijms-11-00779]\].

3.4.. Bacterial Strains
-----------------------

TA100 and TA102 strains of *Salmonella typhimurium* were kindly supplied by Dr Bruce N. Ames from The University of California, Berkeley, USA. For all assays, an inoculum (200 μL) of a thawed permanent culture was added to 20 mL of Oxoid Nutrient Broth No. 2 and incubated at 37 ºC with shaking until a concentration of approximately 1--2 × 10^9^ bacteria per milliliter was obtained.

3.5.. Mutagenicity Assay
------------------------

The Salmonella mutagenicity assay was performed by pre-incubating the test compounds for 20--30 min with *Salmonella typhimurium* strains TA100 and TA102, with and without metabolic activation (S9 mixture) \[[@b21-ijms-11-00779]\]. Compound **1** was tested at the following concentrations: 0.007; 0.014; 0.028; 0.056; 0.112 μmol per plate. Compound **2** was used at 0.01; 0.021; 0.042; 0.085 and 0.170 μmol per plate. Compound **3** was used at 0.224; 0.488; 0.896; 1.8 and 3.58 μmol per plate. Compound **4** was used at 0.98; 1.96; 3.92; 7.85 and 15.7 μmol per plate. Compound **5** was used at 0.244; 0.488; 0.896; 1.796 and 3.584 μmol per plate. Compound **6** was used at 0.12; 0.25; 0.5; 1.0 and 2.0 μmol per plate.

These doses were determined after the toxicity tests had been carried out. In all subsequent assays, the upper limit of the dose range tested was either the highest non-toxic dose or the lowest toxic dose determined in this preliminary assay. Toxicity was apparent either as a reduction in the number of his ± revertants, or as an alteration in the auxotrophic background (*i.e.*, background lawn).

The various concentrations of compounds to be tested were added to 500 μL of buffer pH 7.4 and 100 μL of bacterial culture and then incubated at 37 ºC for 20--30 min. After this time 2 mL of top agar was added to the mixture and poured on to a plate containing minimum agar. The plates were incubated at 37 ºC for 48 h and the his ± revertant colonies were manually counted. The influence of metabolic activation was tested by adding 500 μL of S9 mixture (5%). All experiments were performed in triplicate.

The standard mutagens used as positive controls in experiments without S9 mix were sodium azide (1.25 μg/plate) for TA100 and daunomycin (3 μg/plate) for TA102. 2-Anthramine (1.25 μg/plate) was used with TA100 and 2-aminofluorene (1.25 μg/plate) with TA102 in the experiments with metabolic activation. DMSO served as the negative (solvent) control (100 μL/plate).

The statistical analysis was performed with the Salanal computer program, adopting the Bernstein model \[[@b22-ijms-11-00779]\]. The mutagenic index (MI)---the average number of revertants per plate divided by the average number of revertants per plate from the negative (solvent) control---was also calculated for each dose. A sample was considered positive when the MI was equal to or greater than 2 for at least one of the tested doses and if it had a reproducible dose--response curve \[[@b23-ijms-11-00779],[@b24-ijms-11-00779]\].

4.. Conclusions
===============

Phthalimide derivatives with an ethyl spacer linked to a nitrate ester subunit contribute to generate compounds with higher mutagenic properties when compared with a methyl spacer. Furthermore, the introduction of nitrate ester subunit in the *meta-* aromatic position seems to decrease mutagenicity. The results indicate the structural requirement of phthalimide derivatives through mutagenic activity relationship study for the development of a new drug candidate to treat sickle cell disease symptoms' and allow us to characterize compound 3 as a new promising drug to treat this hematological disorder.

These studies were supported by Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES) and Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP) ref. Process: 07/56115-0.

###### 

Mutagenic activity expressed as the mean and standard deviation of the number of revertants/plate in bacterial strains TA100 and TA102 exposed to compounds (1--6) and HU, at various doses, with (+S9) or without (−S9) metabolic activation.
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  ![](ijms-11-00779i07.jpg)                                            0                                                                    129.3 ± 8.1                                                         116.7 ± 12.4                                                       295.3 ± 28                                                         197.3 ± 16.1
  0.12                                                                 363 ± 25.2[\*\*](#tfn3-ijms-11-00779){ref-type="table-fn"} (2.8)     121.5 ± 14 (1.0)                                                    335.3 ± 11 (1.1)                                                   245 ± 6.9 (1.2)                                                    
  0.25                                                                 478.7 ± 4.22 [\*\*](#tfn3-ijms-11-00779){ref-type="table-fn"}(3.7)   135.3 ± 12 (1.1)                                                    372.3 ± 27.5 (1.3)                                                 262 ± 19.1 (1.3)                                                   
  0.5                                                                  628 ± 40.8[\*\*](#tfn3-ijms-11-00779){ref-type="table-fn"} (4.9)     138.3 ± 13 (1.2)                                                    406 ± 14.1 (1.4)                                                   286.7 ± 18 (1.4)                                                   
  1                                                                    739 ± 25.4[\*\*](#tfn3-ijms-11-00779){ref-type="table-fn"} (5.7)     153.3 ± 5 (1.3)                                                     465 ± 10.6[\*](#tfn2-ijms-11-00779){ref-type="table-fn"} (1.6)     305.7 ± 10[\*](#tfn2-ijms-11-00779){ref-type="table-fn"} (1.5)     
  2                                                                    750 ± 13.6[\*\*](#tfn3-ijms-11-00779){ref-type="table-fn"} (5.8)     177 ± 23.6[\*](#tfn2-ijms-11-00779){ref-type="table-fn"} (1.5)      447 ± 19.8[\*](#tfn2-ijms-11-00779){ref-type="table-fn"} (1.5)     201 ± 4.7 (1.0)                                                    
                                                                                                                                                                                                                                                                                                                                                      
  Positive control[\*\*\*](#tfn4-ijms-11-00779){ref-type="table-fn"}   \-                                                                   2545 ± 73.6                                                         2231 ± 66.9                                                        812 ± 26.1                                                         881 ± 56.1

0 = negative control (DMSO--100 μL/plate)

*P* \< 0.01 or

P \< 0.05 (ANOVA). The values in parenthesis = mutagenic index. Numbers represent averages of triplicates from the three different experiments ± the standard deviation.

Positive control: sodium azide (1.25 μg/plate) for TA100 (−S9), daunomycin (3 μg/plate) for TA102 (−S9) and 2-anthramine (1.25 μg/plate) for TA100 (+S9) and 2-aminofluorene (1.25μg/plate) for TA102 (+S9).

###### 

Mutagenic potencies (rev/μmol) observed for HU and compounds (1--6) with positive mutagenicity (MI ≥ 2) in TA100 and TA102 *Salmonella typhimurium* strains in presence (+S9) and absence (−S9) of metabolic activation.

  **Compounds**   **TA100**   **TA102**          
  --------------- ----------- ----------- ------ -----
  HU              1.8         1.1         1.7    2.0
  1               \-          1795        4803   \-
  2               1041        4025        \-     \-
  3               \-          \-          \-     \-
  4               13.6        \-          \-     \-
  5               31          \-          \-     \-
  6               1393        \-          \-     \-
